Background: Dioscorea is a widely distributed and highly diversified genus in tropical regions where it is represented by ten main clades, one of which diversified exclusively in Africa. In southern Africa it is characterised by a distinct group of species with a pachycaul or "elephant's foot" structure that is partially to fully exposed above the substrate. In contrast to African representatives of the genus from other clades, occurring mainly in forest or woodland, the pachycaul taxa and their southern African relatives occur in diverse habitats ranging from woodland to open vegetation. Here we investigate patterns of diversification in the African clade, time of transition from forest to more open habitat, and morphological traits associated with each habitat and evaluate if such transitions have led to modification of reproductive organs and mode of dispersal. Results: The Africa clade originated in the Oligocene and comprises four subclades. The Dioscorea buchananii subclade (southeastern tropical Africa and South Africa) is sister to the East African subclade, which is respectively sister to the recently evolved sister South African (e. g., Cape and Pachycaul) subclades. The Cape and Pachycaul subclades diversified in the east of the Cape Peninsula in the mid Miocene, in an area with complex geomorphology and climate, where the fynbos, thicket, succulent karoo and forest biomes meet.
China to the Isthmus of Kra in Thailand [1] [2] [3] [4] [5] . These are largely areas with seasonal climates supporting open, deciduous forests that allow these light-demanding plants to thrive.
Wilkin et al. [6] established the broad phylogenetic outline of Dioscorea, which comprises 10 main clades. The same tree topology has been supported through significantly increased sampling and a further plastid marker [7] as well as was with additional data from the nuclear region Xdh, (Viruel, personal communication) . The first branching group, the Stenophora clade (Fig. 3) , is rhizomatous, with its highest diversity in subtropical Asia, followed by two large clades endemic to the Neotropics. The remaining clades comprise smaller units of diversity from the Mediterranean and Africa plus the principal reservoirs of species numbers in the Caribbean, Madagascar and the palaeotropics as a whole. Thus the focus of research in this genus has now shifted to species forming these 10 major clades.
Of those 10 major clades, three are distributed in sub-Saharan Africa. One of these is the first Dioscorea clade to be studied here via a species level phylogeny, the Africa clade of Viruel et al. [7] . It is also the only clade to have diversified exclusively in Africa and comprises 13 species, as listed in [1] with minor taxonomic changes made in [8] . Nine are South African (sub)endemic species, two extend from South Africa into southern tropical Africa (D. buchananii Benth. and D. sylvatica Ecklon) and two are disjunct in northeastern tropical Africa (D. gillettii Milne-Redh. and D. kituiensis Wilkin & Muasya). In contrast, the remaining Dioscorea clades found in sub-Saharan Africa sensu [7] are poorly represented in South Africa, with only one species in the Enantiophyllum clade (D. cotinifolia Kunth; Fig. 3 ) and three in the Compound Leaved clade (CL; Fig. 3 ). This contrasts with the substantial tropical African diversity in these lineages.
The species of the Africa clade ( Fig. 3) of Viruel et al. [7] possess a number of distinctive or unusual morphological traits. They include perennial tubers, some of which are large, "elephant's foot" pachycaul structures that are partially or wholly exposed from the substrate ( Fig. 1 ; [9, 10] ). Similar structures also occur infrequently in neotropical species such as D. mexicana Scheidw.; two of the main neotropical lineages of Dioscorea also possess perennial tubers. Stems are usually sinistrorse (climbing towards the left hand, as viewed externally) but in some taxa they are non-twining [10, 11] . This trait is also encountered elsewhere, for example in the Mediterranean clade (D. pyrenaica Bubani & Bordère ex Gren. and D. chouardii Gaussen; Fig. 3 ) from Pyrenean France and Spain, in the Epipetrum group from Chile [12] , and D. hexagona Baker from Madagascar [13] . Leaves are always alternate and blades are entire to deeply palmately lobed. Stamen number is reduced from 6 to 3 in one species [14] . Seeds in the Africa clade vary from possessing a wing all round the margin of the seed with a longer and shorter axis to being winged just at the apex [10, 15] . This is correlated with a capsular fruit that is longer than broad. Dioscorea gillettii and D. kituiensis have seeds that are wingless but possess an aril-like structure [16] .
Among Dioscorea species occurring in Africa, the Africa clade is the richest source of steroidal saponins [17, 18] . Dioscorea sylvatica in particular was extracted from the wild in South Africa in the 1950s to produce synthetic human hormones for contraceptive purposes and other steroidal drugs. In contrast, some taxa of the CL clade have alkaloid chemistry [18] which is the basis of the use of D. dregeana in South African traditional medicine (e.g. [19] ). The principal use of Enantiophyllum clade species is as a starch source that feeds at least 60 million people in tropical Africa [20] .
The species of the CL and the Enantiophyllum clades are typical of the genus as a whole in that they mainly inhabit forest or woodland biomes, often those that are seasonal in climate. However, the Africa clade occupies an unusually broad range of vegetation types for the genus, including not only afromontane forests or forest margins and savannah woodlands but also the fynbos heathlands, succulent karoo and thicket. This observation reinforces three key questions that this research sets out to investigate. First, what are the patterns and timing of diversification in the Africa clade, especially in relation to transitions from forest to more open habitats such as thickets and karoo? Second, how are the traits associated with forest or woodland habitats modified in taxa inhabiting more open biomes, especially vegetative traits of perennating organs, stems and leaves, including their size and shape? Finally, are floral and fruit reproductive traits similarly affected by these biome shifts in addition to vegetative traits?
Methods

Taxon sampling
Representatives of all known African perennial-tubered Dioscorea (Dioscoreaceae) were sampled (Table 1) . These included five pachycaul species, three Cape species, three species of the D. buchananii subclade (as defined by Wilkin and Muasya [8] ), two species of the southern African members of the CL clade, and two species from the Enantiophyllum clade as well as two species from the East Africa subclade. We also included representatives from all known Dioscorea lineages [6] : four from the Mediterranean clade, D. tentaculigera and D. prazeri from South-East Asia and two New World taxa (D. brachybotrya and D. galeottiana), respectively belonging to the New World I (NWI) and II clades (NWII); and Tacca and Stenomeris (Dioscoreaceae) were selected as outgroups. Voucher specimen information and GenBank accession numbers are listed in Table 1 and trace files and sequences are available on the Barcode of Life Data System (BOLD; www.boldsystems.org).
DNA extraction, amplification, sequencing and alignment DNA was extracted from 0.3 g silica gel dried leaves [21] using 2x CTAB method [22] with the addition of 2 % polyvinyl pyrrolidone (PVP) to reduce the effects of high polysaccharide concentration in the samples. In order to avoid problems of PCR inhibition, DNA was precipitated in 2.5 volume ethanol and purified using QIAquick PCR Purification Kit according to manufacturer's protocol (QiIAgen Inc., Hilden, Germany). All PCR reactions were carried out using Thermo Scientific Master Mix (Thermo Fischer Scientific, Waltham, Massachusetts, USA).
Amplification of rbcLa was carried out using the primers rbcLa-F and rbcLa-R described respectively by Levin et al. [23] and Kress and Erickson [24] . For matK, the following primers were used MatK-1R-Kim-F and MatK-3 F-Kim-R (Kim, unpublished; [25] ). Amplification of trnL-F was carried out using primers c and f of Taberlet et al. [26] , but the internal primers d and e were also used for several taxa due to difficulty in amplifying the region as a single piece. The trnH-psbA spacer was amplified using primers 1 F and 2R [27] . The psaA-ycf3 spacer was amplified using the PG1f and PG2r primers [28] . Finally the rpl32-trnL (UAG) intergenic spacer was amplified according to Shaw et al. [29] . Amplified products were purified using QIAquick columns (QIAgen, Germany) following the manufacturer's protocol. PCR amplification primers were also used as cycle sequencing primers. Cycle sequencing reactions were carried out using BigDye© V3.1 Terminator Mix (Applied Biosystems, Inc., ABI, Warrington, Cheshire, UK) and cleaned using the EtOH-NaCl method provided by ABI; they were then sequenced on an ABI 3130xl genetic analyser. Complementary strands were assembled and edited using Sequencher version 5.1 (Gene Codes Corp., Ann Arbor, Michigan, USA) and sequences were aligned manually in PAUP* (version 4.0b1; [30] ) without difficulty due to low levels of insertions/deletions.
Phylogenetic analyses: parsimony and Bayesian approaches
Maximum parsimony (MP) using PAUP* version 4.0b1 [30] was performed on the individual and combined datasets. Tree searches were conducted using 1,000 replicates of random taxon addition, retaining 10 trees at each step, with tree-bisection-reconnection (TBR) branch swapping and MulTrees in effect (saving multiple equally parsimonious trees). Support for clades in all analyses was estimated using bootstrap analysis [31] with 1000 replicates, simple sequence addition, TBR swapping, with MulTrees in effect but saving a maximum of 10 trees per replicate. Delayed transformation character optimization (DELTRAN) was used to calculate branch lengths, due to reported errors http://paup.sc.fsu.edu/paupfaq/paupans.html with accelerated transformation optimization (ACCTRAN) in PAUP v.4.0b1. Bootstrap support (BP) was classified as high 
(85-100 %), moderate (75-84 %) or low (50-74 %) . Bootstrap values are provided in Fig. 3 . All data sets were analyzed separately, and the individual bootstrap consensus trees examined by eye to identify topological conflicts, i.e. moderate to high support for different placement of taxa. In order to test for significant conflicts between the independent DNA data matrices, a partition homogeneity test was performed [32] [33] [34] . The Incongruence Length Difference (ILD) test of Farris et al. [32] implemented in PAUP* 4.0 b10 [30] was performed through 1000 random-order-entry replicates to estimate if the six datasets were significantly different from random partitions of the same size. Nonsignificant results indicated that the six data sets were not heterogeneous. Highly congruent contrasted topologies (see Results) also supported the merging of the four data matrices into a single concatenated data set that was used for subsequent phylogenetic analyses. Bayesian analysis (BI; [35, 36] ) was performed using MRBAYES v. 3.1.2. For each matrix rbcLa, matK, trnL-F, trnH-psbA, psaA-ycf3 and rpl32-trnL the most appropriate model was selected using MODELTEST v. 3.06 [37] . For matK and trnL-F the model TVM + G was selected, then for rbcLa, trnH-psbA, psaA-ycf3 and rpl32-trnL, the following model were selected, respectively TVM + I, HKY + G, HKY + I + G and GTR + G. The analysis was run on the CIPRES cluster [38] using a MCMC of 10 million generations with a sample frequency of 500, imposing the closest nst = 6 rates = gamma model available in the program. The resulting trees were plotted against their likelihoods to determine the point where likelihoods converged on a maximum value, and all the trees before the convergence were discarded as 'burn-in' (5000 trees). All remaining trees were imported into PAUP 4.0b10, and a majority-rule consensus tree was produced showing frequencies (i.e. posterior probabilities or PP) of all observed bi-partitions. The following scale was used to evaluate the PPs values: below 0.95, weakly supported; 0.95-1.00, well supported.
Divergence time estimation
Divergence times were estimated using a Bayesian MCMC approach implemented in BEAST (v. 1.4.8; [39] ), which allows simultaneous estimation of the topology, substitution rates and node ages [39] . The GTR + I + G implemented model of sequence evolution for each partition based on the Akaike information criterion (AIC) scores for substitution models evaluated using MrModeltest (version 2.3; [40] ) with a gamma-distribution with four rate categories. A speciation model following a Yule process was selected as the tree prior, with an uncorrelated lognormal (UCLN) model for rate variation among branches. For this analysis, we used a single representative per species since the Yule speciation model forces the analysis to "create" speciation events at every node and therefore makes the estimation of splits older within a species.
First, the Bayesian consensus tree topology was used as a starting tree and adjusted so that branch lengths satisfied all fossil prior constraints, using PATHd8 v.1.0 [41] . Fossil dates or calibration points were used to constrain specific nodes to minimum, maximum or fixed ages. The crown node age of Dioscoreaceae was calibrated at 80 mya according to Jansen & Bremer [42] . A first fossil, Dioscorea lyelli (Wat. [44] . We performed four independent runs of MCMC, each for 100 million generations, sampling every 1000 generations. We assessed the MCMC log files for convergence using the effective sample size (ESS) statistics in Tracer v.1.5 [39] . The BEAST analysis reported ESS values > 200, indicating that the posterior estimates were not unduly influenced by autocorrelation. The resulting tree files from the four runs were then combined using LogCombiner v.1.7.5 [39] , discarding the first 25 % trees as burn-in. The maximum clade credibility consensus tree, with means and 95 % highest posterior density (HPD) intervals, was generated with TreeAnnotator v.1.7.5 [39] .
Map preparation
Distribution maps illustrated on Fig. 2 were prepared using occurrence data downloaded from http://newposa.sanbi.org and http://www.gbif.org. Distribution ranges were drawn on Adobe ® Illustrator ® CS6. Figure 2a represents the occurrence of the three major subclades occurring in South Africa, the Pachycaul, Cape and D. buchananii subclades, while Fig. 2b displays the distribution of all species belonging to the Pachycaul subclade.
Results
Statistics for MP analysis for the six plastid markers and combined dataset are presented in Table 2 . Of all the genes used, matK and rpl32-trnL had a significantly higher number of variable sites (27.85 % and 25.17 % respectively) compared to the other regions than display percentages below 10 % (see Table 2 ). The number of potentially informative characters is higher for matK (12.07 %) than rpl32-trnL (10.01 %), however contribution to total of parsimony informative character (PIC) is lower for matK (26.35 %) than for rpl32-trnL (30.84 %; Table 2 ).
Maximum parsimony analyses
MP analysis of each of the six regions resulted in trees that were similar in topology (Additional files 1, 2, 3, 4, 5 and 6), and were thus combined and treated as a single dataset. ILD test results provide support for congruence (p > 0.05). The psaA-ycf3 region is significantly different from rbcLa, matK, trnL-F, trnH-psbA, and rpl32-trnL and probably caused by the psaA-ycf3 sequence of D. galeottiana. However, the observed congruence between the trees obtained for each region separately and the ILD results (Table 3 ) support combining these regions. The statistics for the MP analysis for the combined data is presented in Table 2 . From the heuristic search, we found 72 most parsimonious trees of which one is presented in the supplementary Additional file 7. The combined MP tree is largely congruent with that obtained from Bayesian analysis and therefore bootstrap values recovered in the MP analysis are plotted onto the Bayesian consensus tree (Fig. 3) .
Bayesian analysis
The Bayesian majority-rule consensus tree is presented in Fig. 3 . Generally, the Bayesian analysis generated a better-supported topology than the MP analysis, resolving some polytomies observed in the MP results (see • in Additional file 7). Dioscorea is strongly supported as monophyletic (100 Bootstrap Percentage, BP; 1.0 Posterior Probabilities, PP). Within Dioscorea the topology is congruent with [6] and [7] . The Africa clade is weakly supported in MP while strongly supported in the BI analyses (64 BP/1.0 PP); it includes the D. buchananii, East Africa, Cape and Pachycaul subclades. The Pachycaul subclade is strongly supported as monophyletic (96BP/1.0 PP) with D. brownii sister to all other pachycauls. Dioscorea brownii is a taxon restricted to montane grassland of KwaZulu-Natal ( Fig. 2b and d) displaying a horizontal tuber a few centimetres in diameter with non-twining erect stems arising from vertical lobes (Fig. 1) . Within the pachycaul group two sister lineages can be identified: 1) D. hemicrypta and D. strydomiana (0.99 PP). Both are characterised by a pachycaul tuber partially to wholly protruding above the substrate (Fig. 1) , which reaches ca. 1 m in height and diameter in the latter. Dioscorea hemicrypta is endemic to the Little Karoo area South of the Swartberg Mountains in the Western Cape (Fig. 2b) while D. strydomiana has a single locality in Barberton area of Mpumalanga Province (Fig. 2) , South Africa. 2) D.
elephantipes and D. sylvatica have wide distribution ranges in South Africa (Fig. 2b) , and are well supported as monophyletic in the BI analysis (0.97 PP) although it received weak support in the MP analyses (51 BP). These two taxa have well-developed 
Dating analysis
The results of the dating analysis using BEAST are shown in Fig. 4 
Discussion
Evolution of African yams
Data generated in this study produced a well-resolved dated phylogeny thus improving our understanding of the relationships within the Africa clade and more specifically within southern African Dioscorea. The current evolutionary study of yams focuses on southern African lineages, but representative taxa from other lineages were included to cover morphological and phylogenetic diversity of Dioscorea. The inferred phylogeny is congruent with previous studies (e.g. [6, 7] ), though more largely sampled. Taxa occurring in southern Africa are nested within a strongly supported predominantly Old World clade (Mediterranean, Enantiophyllum, CL and Africa clades; Fig. 3 and 4) , which likely originated in the Eocene. The Africa clade is further resolved into four subclades (Fig. 4) which are forest twiners with basally lobed leaves (D. buchananii subclade); savannah twiners (East Africa subclade); twiners in Cape forest and fynbos habitats (Cape subclade); and the diverse Pachycaul subclade comprising the open habitat elephant-foot yams with large, vertically oriented partially to wholly exposed tubers and stems with reduced to absent twining as well as a forest twiner (usually with similar but buried tubers) and an erect montane grassland taxon with a narrow horizontal tuber from which non-twining erect stems arise from vertical lobes.
Our analyses support that the Africa clade has four main subclades, (1) D. buchananii (2) East Africa, (3) Cape and (4) Pachycaul. Phylogenetic reconstruction placed the Cape subclade as sister to the Pachycaul and the Eastern African subclade sister to it. For the Pachycaul subclade, which was the main focus in this study, we found that D. brownii with a horizontal woody underground tuber from montane grassland in KwaZulu-Natal to be the earliest deriving taxon, sister to all four other pachycaul species (represented in two clades). The first include two taxa with restricted distribution (D. hemicrypta and D. strydomiana, respectively from the Little Karoo in the Western Cape and from a single locality in the Mpumalanga province) and displaying pachycauls located partially to completely above the substrate. The second group (D. elephantipes and D. sylvatica) has a much wider distribution. Both D. elephantipes and D. strydomiana possess pachycauls that can grow ca. 1 m in height and diameter.
Divergence estimation analyses, which were in broad agreement with those of Viruel et al. [7] suggest Dioscorea originated around 78 mya with a diversification around 48 mya. In the Old World clade, the Mediterranean taxa split from the African clade around 32.06 mya, with the latter diversifying around 26.74 mya. The East African taxa then diversify separately around 5.72 mya. The D. buchananii subclade diverges at 21.83 mya, and the split between the Cape subclade and the Pachycaul subclade is observed around 13.88 mya. These results confirm that the Africa clade forms part of a predominantly Old World clade, which originated during the Eocene. During the Oligocene the African continent was covered with dense and humid forest and characterized the period of development for thinner, underground perennial tuber and twining shoots displaying marginally winged (gliding) seeds, which favor their dispersal under canopy under low wind conditions. Through the Miocene climatic changes drove habitat opening with the appearance of grasslands in eastern Africa and Mediterranean climate in South African and in the Cape flora. Such changes, particularly the prominence of fire, influenced the development of an erect woody type of stem, below ground or partially to fully above ground, with corky bark as protection. Seed morphology also adapted to climatic and environmental conditions through the development of basally and Fig. 4 Beast chronogram of the African yam lineages dated using three calibrations points (• Dioscoreaceae: 80 mya [42] , ★Dioscorea Stenophora clade crown node 48.2 mya [43] and Dioscorea dregeana -D. dumetorum clade node in Counpound Leaved clade 27.2 mya [44] ). Only the four major clades are displayed in the figure. For subclade information, refer to Fig. 3 apically winged seeds, which are more efficient when released at low height but needing higher wind speeds for efficient dispersal. In east Africa, seeds are wingless suggesting ants may be the mode of dispersal.
Adaptation/colonization of yams to African biomes?
During the early Miocene, southern Africa was covered in forests [45] [46] [47] , but increased edaphic heterogeneity due to uplifts [48] and increase in aridity and shifts in rainfall patterns after the formation of the Mediterranean climate resulted in the Cape flora (arid thickets, fire driven fynbos) and grasslands to the east [49] . The ancestor of the Africa clade would have thrived in open areas in forested habitats such as riverbanks as a twiner bearing perennial tubers. Colonization of non-forest habitats among Africa clade taxa involved shifts in stem and tuber morphology, most noticeable among the Pachycaul subclade, with large, long-lived tubers positioned fully or partially above sloping shale or rocky substrates (D. elephantipes, D. hemicrypta, D. strydomiana) versus fully below or at ground level [15] or sometimes fully exposed when occurring on/or between rocks (D. sylvatica). Erect, non-twining stems occur in taxa of frequently burned grasslands (D. brownii), or similarly burned open Acacia woodland with a strong grass understorey (D. strydomiana). The Pachycaul subclade taxa annually replace their photosynthetic tissues (stems and leaves) from the persistent tuber, a phenomenon observed in frequently burned habitats in southern Africa [50] . Only D. brownii and D. strydomiana occur within typical fire driven grassland habitats and their origin in late Miocene and Pliocene concurs with a similar time of origin of other southern African savannah flora [51] . Corky barks are observed covering the above-ground pachycauls both in fire prone grasslands and in (fire infrequent) thicket vegetation. Thick barks function to protect the plant from fire, an adaptation well documented in fire-prone areas [52] [53] [54] , and may play an additional role of protection from herbivores. Damage to pachycauls, probably by porcupines, has been observed in populations of D. hemicrypta and D. strydomiana.
The Cape subclade comprises three species that occupy low elevation, high precipitation forested coastal habitats (D. mundii) or in middle to higher elevation fynbos heath vegetation (D. burchellii, D. stipulosa). All possess twining stems and have subterranean perennial tubers. Members of a clade occurring in both forest and fynbos habitats in the Cape flora is highly unusual, as adaptations for the forest environment (shade, no fire, richer soils) may not be advantageous in fynbos heath environment (open, frequent fires, nutrient poor). The habitats of D. mundii and D. burchellii are spatially separated by less than 10 km in the Eden district (that includes George and five surrounding municipalities) in the Western Cape. It has been noted that fynbos heath plants are more likely to disperse to similar environments occurring in distant lands (such as Australia) than to evolve adaptations to occupy a different (forest) biome nearby [55] . However, long distance dispersal is rare in Dioscorea, where wind dispersal is encountered almost without exception. The leaves of the two fynbos species are proportionally longer and narrower than those of D. mundii. We note that the Cape subclade is not sister to the Mediterranean subclade, the latter evolving independent traits observed in the Africa clade such as erect non-twining stems.
Within southern Africa Dioscorea, evolution into new non-forested biomes has occurred since the mid Miocene. The highest species diversity is in the east of the Cape ( Fig. 2a ; Eden, sensu Cowling & Pierce [56] ), an area with complex geomorphology and climate, where several biomes (fynbos, forest, succulent karoo, thicket, grassland) are juxtapositioned. Speciation events accompanied evolution into the new biomes (e.g. grassland -D. brownii) or occurred subsequently in allopatry events (e.g. D. strydomiana/D. hemicrypta; D. gillettii/D. kituiensis; [10] ).
The opening of vegetation during the Miocene in southern Africa had an important influence on seed morphology and therefore on their dispersal mode. In forest environments where yam species grow below the forest canopy and generally have a twining habit, lensshaped seeds are characterized by flat papery wings all round the margin ( Fig. 5A2 and A3 ), which allow them to glide effectively, even with low wind speeds. This is observed in all species of the D. buchananii subclade. According to Burkill [57] this is the optimal form for dispersal when seeds are released from greater height and in light winds, the conditions that pertain to forest climbers under a canopy. The two species of the East African subclade both possess wingless seeds but an aril (or elaiosome; Fig. 5B2 and B3) is present suggesting that myrmecochory may be its mode of dispersal [16] . However it remains confusing why such a trait evolved in habitats dominated by Acacia-Commiphora and Terminalia-Combretum, open savannah woodlands where wind dispersal is widespread, and where ant dispersal may not be dominant [58] . Contrarily, the two fynbos species are wind dispersed even though ant dispersal is thought to be prevalent in that habitat [59] . Dioscorea burchellii in particular is low growing and often con- (Fig. 5C2 and D2 ). Both of these seed wing traits allow the seeds to spin in flight in a similar manner to a samaroid fruit. It is likely that that basally winged seeds are easier to dislodge than apically winged seeds but both subclades still share convergent dispersal methods. Basally and apically winged seeds are features that have evolved on many occasions and have been observed in groups that generally produce fruits close to ground level. According to Burkill [57] such features are particularly efficient in open habitat where wind speeds are higher.
Interestingly, the only southern African species of the pan-palaeotropical Enantiophyllum clade, D. cotinifolia, differs from all other member of that clade by possessing an apically winged seed like that illustrated in Fig. 5D2 ; the rest have marginally winged (gliding) seeds (like those in Fig. 5A2 and 5A3) . In South Africa, this taxon tends to occur in open seasonal woody vegetation (e.g.) that is less dense than the vegetation inhabited by tropical species, and its radiation at the end of the Miocene at similar time as South African taxa suggest parallel evolution in similar type of open environment.
Overall, apart from seed wing form, reproductive morphology in the Africa clade has been less impacted by biome shifts than vegetative morphology. The only significant variation in floral form is found in D. rupicola, which has only 3 stamens and a discoid torus (as opposed to 6 and a thin, bowl-shaped torus); it also has narrower tepals than those in D. buchananii or D. multiloba and the flower is held pendent. However, these changes are probably linked to the shift to a different pollinator within the forest biome in which this species, principally found the Drakensberg and high elevations in the Eastern Cape [8] . 
Conclusions
Diversification out of forest is associated with a major increase in perennial tuber size and change in tuber orientation from horizontal to vertical, both of which presumably underlie the development of pachycauly. There is also a shift in stem habit, from twining on supporting vegetation to erect and self-supporting. This diversification does not show association with reproductive morphology, except in the seed wing, which has switched from being winged all round the seed margin (to promote gliding flight) to only on its basal or apical side (generating spinning flight). The wing has even been completely replaced by an elaiosome in two species. The single pollinator shift event is observed within the forest biome.
Although only D. brownii and D. strydomiana currently occur within typical fire driven grassland, the transition of the vegetation from closed habitat to savanna grasslands occurring during the Miocene and Pliocene, with an associated increase in fire regime and similar time of origin of other southern African savannah flora elements, suggests that this change has influenced the development of corky barks covering the above-ground pachycauls and therefore the origin of efficient fire and perhaps herbivory protection.
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